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Abstract
Primary saccades to remembered targets are generally not precise, but rather undershoot target position. The major source of
this saccadic undershoot may be (a) a memory-related process or (b) a poor spatial resolution in those processes which transfer
the retinotopic target information into an intermediate memory-linked representation of space. The aim of this study was to
investigate whether distortions of eye positions in the antisaccade task, which are characterized by inherent co-ordinate
transformation processes, may completely account for the spatial inaccuracies of memory-guided antisaccades. The results show
that the spatial inaccuracy of primary and secondary eye movements in the visually guided antisaccade task was comparable to
that in the memory-guided antisaccade task. In both conditions, the direction error component was less dysmetric than the
amplitude error component. Secondary eye movements were significantly corrective. This increase of eye position accuracy was
achieved by reducing the amplitude error only. It is concluded from this study that at least some of the distortion of
memory-guided saccades is due to inaccuracies in the sensorimotor co-ordinate transformations. © 1998 Elsevier Science Ltd. All
rights reserved.
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1. Introduction
Primary saccades to visible targets are generally not
precise, but rather undershoot target position [1]. When
subjects were looking to remembered instead of visible
targets, the end points of primary saccades show a
much larger scatter, i.e. saccades are characterized by
greater variable error [2,3]. Furthermore, saccades to
remembered targets are usually more hypometric than
visually guided eye movements [4,5]. The average error
of memory-guided saccades along the eccentricity axis
rapidly accumulates within a memory-related delay in-
terval of at least 400 ms [3].
The major source of the eye position scatter and the
saccadic undershoot bias may either be a memory-re-
lated process [6] or a poor spatial resolution in sensori-
motor transformation processes [2]. Sensorimotor
transformation processes in an open-loop situation
comprises at least (a) the transformation of retinotopic
information to a memory-linked representation of
space, (b) the transformation from this representation
to a motor command, and (c) the integration of
changes in eye position into the spatial representation
to allow correction movements.
Coordinate transformations of spatial representa-
tions interposed between sensory input and motor out-
put are also required in the antisaccade task. When
performing antisaccades subjects are instructed to gen-
erate a saccade to an equidistant point opposite to a
peripheral target [7,8]. It is supposed that the mental
inversion of the target position or the motor plan needs
some kind of workspace on which co-ordinate transfor-
mation processes can be performed. The precision of
these co-ordinate transformations is represented by the
spatial deviation of the saccadic end point from the
target location.
Previous studies of the metrics of antisaccades
[7,9,10] have shown that eye movements in the antisac-
cade task can be characterized by properties similar to
memory-guided saccades [4,11]: (a) inaccurate primary
saccades with longer latencies compared to visually
guided saccades and (b) corrective secondary saccades.
Secondary eye movements without visual feedback are
generated depending on the magnitude of the initial
error. From various studies [5,7,12–15] it may be con-
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cluded that secondary saccades to non-targets mostly
occur when the initial eye position error exceeds about
3°, while small error detection seems to depend upon
retinal signals [16]. This is also the case if secondary
saccades are directed to large target forms, i.e. if the
saccadic endpoint is not explicitly designated, but must
be computed by the saccadic system itself on the basis
of visual information within the target [17].
In order to decide, whether the decrement in the
precision of targeting eye movements to remembered
locations is due to a decay of visual spatial memory or
to inaccuracies in the processes of co-ordinate transfor-
mations, the spatial accuracy of antisaccades and mem-
ory-guided antisaccades were investigated. While the
transformation process are the same for both condi-
tions, the memory ‘load’ changes between visually-
guided and memory-guided antisaccades. If memory
dependent processes are indeed a potential source of
saccadic inaccuracies, the spatial distortion of memory-
guided antisaccades should be larger than that of nor-
mal antisaccades. By comparing the spatial accuracy of
antisaccades and memory-guided antisaccades, the
memory related events can be studied without the influ-
ence of confounding effects of co-ordinate transforma-
tion processes.
2. Methods
2.1. Eye mo6ement recording
Saccadic eye movements were recorded by a specially
adapted confocal scanning laser ophthalmoscope (SLO,
Rodenstock Instruments), which was provided with an
IR laser (780 nm) for imaging and a visible HeNe laser
(633 nm) for stimulus projection. The stimulus pattern
was programmed in the overlay plane of a PC image
processing board (LFS-AT, Leutron Vision). This
board controls the intensity of the visible HeNe laser
via an acousto-optical modulator thus generating a
visual stimulus directly onto the subject’s retina.
The optics of the eye dictate that the illuminating
light of the IR laser is focused to a small moving spot
on the retina. The IR laser is made to scan over
successive points on the fundus. The light backscattered
from the retina was collected by a photomultiplier,
converted into a video signal and recorded on a video
tape (U-matic VTR, Sony). Thus, an image of the
retina was built up from an array of pixels. The visual
stimulus projection was superimposed on the image of
the fundus. Fovea position was monitored every 20 ms.
The angular dimension of scan raster used was 32°
horizontally and 24° vertically with a resolution of
0.05°. The generated video sequences were analyzed
off-line.
Recordings were obtained in a quite, darkened room.
At the beginning of the eye movement recordings, the
headrest and the laser scan raster alignment of the SLO
were adjusted relative to the subject’s eye. During mea-
surement, the subject was sitting in front of the SLO
with one eye in line with the scan raster and the other
eye covered with an eye patch.
2.2. Subjects
A total of 13 human volunteers (nine females, four
males) participated in this experiment. Subjects were
normal individuals with no history of psychiatric or
neurologic disorders and free of any medication (mean
age 30.897.7 years, range 19–43 years). None of them
showed any ocular or oculomotor pathologies. Subjects
had no experience in eye movement studies. Experi-
ments were undertaken with the understanding and
written consent of each subject.
2.3. Procedure
A central fixation cross (0.5° of visual angle) ap-
peared at the beginning of each trial and the subject
was asked to fixate it. After 3 s, a peripheral target (0.5°
of visual angle) was illuminated. Subjects were required
not to look at the target, but to look at a position that
is equal and opposite to the target cue. While in the
visually guided antisaccade task the target cue remained
on until a new trial began, the target was set off after
500 ms in the memory-guided antisaccade task. The
fixation cross disappeared 1500 ms after target onset
signalling the response phase. The central fixation point
reappeared 2 s later announcing another trial. A sche-
matic drawing of the behavioral tasks is shown in Fig.
1.
Target amplitude was set at 10° and directions were:
0, 45, 90, 135, 180, 225, 270 and 315°. Subjects were
instructed to achieve the best accuracy possible and
received a block of practice trials to ensure that they
fully understood the object of the task.
The order of presentation of task conditions and
target positions was randomized with the restriction
that each peripheral target appeared the same number
of times. At least five runs were carried out for each
position.
2.4. Data analysis
The eye position error of eye movements was spe-
cified as the Euclidean distance between the position of
the fovea at the end of a saccade and the location of the
instructed target position. The vector magnitude of the
eye position error was decomposed into its horizontal
and vertical component. The horizontal component of
eye position error corresponds to the error along the
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eccentricity axis (amplitude error) and the vertical com-
ponent corresponds to the error along the direction axis
(direction error). The saccadic gain was calculated by
dividing saccade vector magnitude by target distance.
Saccade vector magnitude was defined from the center
of the fixation cross to the primary and final fovea
position, respectively. A value of saccadic gain smaller
than one represents undershoot. The saccadic reaction
times of secondary eye movements were defined from
the end of the initial saccade to the beginning of the
first secondary saccade.
The eye position error was analyzed by means of a
correction (primary versus final eye position) x target
visibility (visually guided versus memory-guided anti-
saccade task) repeated measures analysis of variance
(ANOVA). Paired student’s t-tests (two-sided) were
used to evaluate differences in the fovea position errors,
in the saccadic gain and in the saccadic reaction times.
Comparisons were based on mean values of individual
subjects.
3. Results
The primary and final fovea positions in both anti-
saccade tasks are plotted for all target locations in Fig.
2. Primary saccades are relatively inaccurate and dis-
play large variability in saccadic end positions. The end
points of corrective saccades show less deviations from
the actual target locations (Table 1).
The ANOVA showed a significant main effect of eye
position correction (F(1,12)19.57; PB0.0009) indi-
cating the reduction of the eye position error by means
of secondary saccades. There is no significant difference
between the position errors of visually guided and
memory-guided antisaccades (F(1,12)0.15; P\0.7)
and no significant interaction between correction and
target visibility (F(1,12)1.29; P\0.2). The results in
detail are as follows.
3.1. Visually 6ersus memory-guided antisaccades
Comparison between the fovea position error of visu-
ally and memory-guided antisaccades showed no sig-
nificant difference after primary saccades nor after
secondary saccades (Table 1). For the most part, this
position error of antisaccades derived from undershoot-
ing the target location (see saccadic gain in Table 1 and
amplitude versus direction error in Fig. 3). When sac-
cadic reaction times of visually and memory-guided
antisaccades were compared, no significant differences
were found (Table 1).
Primary saccades were often followed by one or more
corrective saccades. The percentage (mean9S.E.M.) of
primary eye movements that were followed by sec-
ondary saccades was 66.198.0% in the visually guided
antisaccade task and 60.096.6% in the memory-guided
antisaccade task. There was no difference in the per-
centages of secondary eye movements between both
task conditions (t1.36; P0.20).
3.2. Primary 6ersus final fo6ea position
The saccadic gain clearly indicates an undershoot
bias for primary eye movements in antisaccades with
and without target cue blanking (Table 1). Initial sac-
cades covered less than 80% of the angular distance to
the target. Secondary saccades could correct some of
this error. When the primary eye position error was
compared with the final eye position error, there was a
significant reduction in the position error for visually
guided (t3.79; P0.0026) and memory-guided anti-
saccades (t4.60; P0.0006). To determine the rela-
tionship between primary and corrected error, the
correlation coefficient (for pooled data) between the
primary error and the magnitude of correction was
computed. The results demonstrate a significant corre-
lation for antisaccades (r0.69; PB0.0001) and re-
membered antisaccades (r0.70; PB0.0001).
Fig. 1. Schematic representation of the antisaccade tasks. The subject
is instructed to fixate a central spot and not to gaze at the peripheral
target, which is presented in one of eight locations. The offset of the
fixation spot is the signal for the subject to look at a position that is
equal and opposite to the target. The arrow represents the saccade.
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Fig. 2. Scatter plots of primary (upper panels) and final eye positions (lower panels). Notice that the dysmetria of antisaccades is more pronounced
before the execution of secondary saccades. Data are from 13 subjects.
By computing the amplitude and direction compo-
nent of the fovea position error, it was shown that the
position error along the eccentricity axis is consistently
more pronounced than along the direction axis. This
difference between the amplitude and direction compo-
nent of the initial error is significant for antisaccades
(t8.26; PB0.0001) and remembered antisaccades
(t9.04; PB0.0001). Secondary saccades reduced in-
accuracies in the amplitude, but not in the direction
component (Fig. 3). In spite of this correction of the
amplitude error, the error along the eccentricity axis
remained significantly larger than along the direction
axis for antisaccades (t8.26; PB0.0001) and remem-
bered antisaccades (t7.79; PB0.0001).
4. Discussion
The results reported in this study show that the
spatial accuracy of visually and memory-guided anti-
saccades is nearly the same. Thus, inaccuracies in re-
membered antisaccades cannot be due to poor memory
of target location. The comparable distortion of the
fovea positions in both task conditions rather suggests
that inaccuracies of instructed-target saccades may be
due to poor or noisy co-ordinate transformations. In
the antisaccade task, transformation induced targeting
errors might occur (a) when a neural image of the
target location is created in the opposite visual
hemifield creating a fictive target representation or (b)
P. Krappmann : Vision Research 38 (1998) 2979–2985 2983
Table 1
The eye position error, the saccadic gain and the saccadic reaction time (SRT) for primary and secondary eye movements.
Visually guided antisaccades mean Memory-guided antisaccades Significance levelt-Value
mean (9S.E.M.)(9S.E.M.)
Primary error (degree) 3.171 (0.271)3.198 (0.301) 0.148 0.885
2.362 (0.165)Final error (degree) 2.511 (0.198) 0.839 0.418
0.751 (0.375) 0.6680.769 (0.498) 0.517Primary gain
0.854 (0.436)Final gain 0.818 (0.366) 1.292 0.221
345.5 (20.7)Primary SRT (ms) 310.5 (17.8) 2.125 0.055
464.7 (30.7) 0.168472.6 (54.8) 0.869Secondary SRT (ms)
Comparisons (paired student’s t-test) were performed between visually and memory-guided antisaccades.
when motor co-ordinates, representing a motor plan
and a change in eye position respectively, are
transferred.
Most of the previous studies assessed the perfor-
mance of saccades to remembered targets to investigate
mnemonic processes [18–21]. It was argued that the
spatial distortion of eye positions is a consequence of a
poor memory of remembered target locations. Our
findings, however, implicate that the error of memory-
guided saccades is confounded with or originates from
intermediate transformations between co-ordinate sys-
tems. This assumption is in line with results reported by
White et al. [3]. They failed to find increases in the
undershoot bias of saccades to remembered targets
when the delay interval is increased from 400 to 5600
ms. Thus, the major source of this bias can not be a
memory dependent process. Similar results were re-
ported by Gnadt et al. [2] who have shown that most of
the spatial error of remembered saccades nearly
plateaued after the first 800 ms of the memory-related
delay interval. The authors interpreted their observa-
tions as evidence for a co-ordinate transformation pro-
cess, which has an inherently less precise spatial
resolution. During the first 800 ms, the target informa-
tion is supposed to be transferred from a visually linked
to a memory-linked representation.
Our conclusion that the targeting inaccuracy is due
to errant transformation processes and not to a de-
graded memory-dependent representation of target lo-
cation proceeds from the assumption that visually
guided and memory-guided antisaccades are equivalent
except for the intervening memory process in the latter
case. However, one might suggest that visually guided
antisaccades are seriously hampered by the presence of
the visual stimulus. So, the similarity of the targeting
errors could be due to two different factors, (a) memory
inaccuracy in the case of memory-guided antisaccades
and (b) rivalry of visual target errors in the case of
visually guided antisaccades. And indeed, subjects show
nearly significant longer reaction time in the visual
antisaccade task, which could be interpreted as a conse-
quence of target rivalry.
Although the possibility of target rivalry in the visual
antisaccade task can not be excluded, it seems to be not
so plausible, since subjects had to suppress the natural
gaze reflex towards the visual stimulus in both condi-
tions. From douple target experiments it is known that
the inaccuracies of saccades in the presence of two
competitive target locations can be significantly im-
proved if the moment of saccade initiation is delayed
[22,23]. Furthermore, amplitudes of regular saccades
were not influenced by the presence or absence of the
fixation point [24].
The ability to improve eye position relative to the
instructed target position, but without visual guidance,
indicates that at least some extraretinal information is
used for the control of eye position. These extraretinal
signals are required to compare the actual eye position
to the internally represented target location. By com-
puting the difference between the extraretinal signal of
Fig. 3. The error along the eccentricity axis (amplitude error) and the
error along the direction axis (direction error). Comparisons were
performed between parameters of primary and final eye positions.
Values given are means9S.E.M. (degree).
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the current eye position and the desired eye position
signal, secondary saccades may be corrective [25–27].
Sparks and Mays [28] have shown that when electrical
microstimulation of the superior colliculus elicits a first
saccade, which produces spatial deviation from the
location where the target was seen, secondary saccades
compensate for this deviation. Thus, signals, which
account for the primary eye position error along the
eccentricity axis, are thought to originate at a site
downstream from the superior colliculus [29]. The sensi-
tivity of the secondary saccade to the initial error raises
the possibility that the source of the amplitude error
observed on memory trials may also originate at a site
downstream from the superior colliculus [30].
However, the increase of accuracy as a result of
corrective saccades was achieved by reducing the initial
amplitude error only. Several authors have suggested
that the computation of direction and amplitude of
saccadic eye movements are separate processes [31–36].
It was previously shown ([37]) that error corrections in
visually guided saccades occur in both the amplitude
and the direction component, while secondary saccades
to remembered targets only reduce the error along the
eccentricity axis. Therefore, it may be suggested that, in
all non-target tasks, error correction is limited to the
amplitude component of eye position.
It is concluded from this study that most of the
distortion of memory-guided antisaccades is due to
inaccuracies in the co-ordinate transformation pro-
cesses. Although undershooting primary saccades may
be corrected by secondary saccades, the oculomotor
system is unable to ‘move’ the representation of a target
cue precisely to the contralateral visuo-motor hemifield.
It seems plausible therefore to assume that eye position
is accurately monitored, but that at least a part of the
spatial inaccuracies of memory-guided saccades is the
result of a general poor resolution in sensorimotor
co-ordinate transformations.
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